Rationale: Dravet Syndrome (DS) is a severe epileptic encephalopathy of childhood involving intractable seizures, recurrent status epilepticus and cognitive decline. Because DS is a rare disease, available data is limited and evidence-based treatment guidelines are lacking. Vagus nerve stimulation (VNS) is an established neurostimulation treatment for intractable epilepsy, however little evidence is published on its efficacy in patients with DS. Methods: We performed a meta-analysis of all peer-reviewed English language studies reporting seizure outcomes of patients with DS treated with adjunctive vagus nerve stimulation. The primary and secondary outcome measures were !50% reduction of seizures or of the most-debilitating seizure type and seizure reduction per patient. Results: 13 studies comprising 68 patients met the inclusion criteria of which 11 were single-center retrospective case series, one was a multi-center retrospective analysis and one was a case report. 52.9% of patients experienced a !50% reduction of seizures and the average seizure reduction, which could only be assessed in n = 28 patients was 50.8%. 7 out of 13 studies reported additional benefits of VNS, however this could not be assessed systematically.
Introduction
Severe myoclonic epilepsy of infancy (SMEI) was first decribed by Charlotte Dravet in 1978 and later renamed to "Dravet Syndrome" to include atypical and borderline forms as well as to describe the syndrome that persists beyond infancy [11, 12] . Dravet syndrome (DS) is an infantile-onset epileptic encephalopathy of childhood involving intractable seizures, recurrent status epilepticus and cognitive decline [13, 14] . The majority of patients with DS carry a loss-of-function mutation of the SCN1A gene that codes for the alpha1 subunit of the voltage-gated sodium channel Na v 1.1 [23] , which is expressed in both excitatory and inhibitory neurons [40] . Initial presentation of DS is quite characteristic: within the first year of life a developmentally normal child presents with prolonged clonic, generalized, or unilateral seizures triggered by fever or hyperthermia, often after vaccination or a warm bath [12, 28, 31] . Patients then develop multiple seizure types with both non-convulsive and convulsive seizures evolving into status epilepticus and by age-2 intellectual disability and neurological deficits are typically evident [5, 12] . Patients with DS are at a high risk for premature death (16) (17) per 1000 patient years), with sudden-unexpected-death in epilepsy (SUDEP) remarkably representing the leading cause of death in childhood followed by status epilepticus [9, 37] . Because Dravet Syndrome is rare, occurring approximately once per 16 000 births [42] , available data is limited and evidence-based treatment guidelines are lacking. Treatment of DS remains challenging and as seizurefreedom is rarely achieved [8] recently published recommendations by a North American Consensus Panel employing the Delphi approach, strongly endorse that the highest priority should be avoiding prolonged convulsive seizures and obtundation status given their morbidity and impact on developmental outcome [41] .
Vagus Nerve Stimulation (VNS) was approved for adjunctive therapy of drug resistant epilepsy (DRE) in Europe in 1994 and in the USA in 1997 and involves intermittent electrical stimulation of the left cervical vagus nerve by an implanted helical electrode that is connected to a pulse generator. Long-term studies in heterogeneous DRE populations show that VNS elicits a > 50% reduction in seizure frequency in approximately 60% of patients [16, 17] ; reduces the incidence of convulsive status epilepticus and reduces seizure severity in approximately 40% of patients [24] . Complete seizure control is rare with VNS: only approximately 20% of patients achieve >90% seizure reduction and approximately 8% achieve seizure freedom [16, 17] .
The North American Consensus Panel only reports moderate consensus for the use of VNS in DS, recommending VNS after failure of first and second line treatments consisting of (1) valproic acid and clobazam and (2) add-on stiripentol or topiramate or the ketogenic diet. No consensus was reached on whether on-demand VNS (eliciting an additional stimulation aimed at interrupting an occurring seizure by swiping a 50 G magnet over the implanted VNS generator) is effective in interrupting prolonged seizures. The panel concludes that VNS has a minimal to moderate impact on seizure reduction but is generally less efficacious than the ketogenic diet [41] . Evidence for efficacy of VNS in DS is very scarce and restricted to case reports, small case series and subgroups of DS patients in VNS trials. The largest case-series of intractable epilepsy associated With SCN1A gene abnormalities treated with VNS was published recently and reported >50% reduction in generalized tonic-clonic seizures (GTCS) in 9 out of 12 patients who were implanted inhouse and "marked improvement" or seizure freedom in 4 out of 8 patients who were implanted at other institutions [19] . Of the 12 patients implanted in-house 7 had a >75% reduction of GTCSs raising the question whether VNS may be effective in reducing GTCS, often the most debilitating seizure type in this patient group. Contrastingly, a European multicenter trial on VNS in children with drug-resistant epilepsy which included a subgroup of patients with DS found that patients with DS and patients with predominantly GTCS showed an improvement that was marginally lower compared to the entire population for which a responder rate of 44% was calculated at 24 months [29] .
A new and emerging approach to overcoming the lack of clinical data associated with orphan diseases is the use of social media. A recent investigation employing an online questionnaire obtained responses from 49 care-givers of children with DS receiving VNS. Only 28.5% of care-givers reported a >50% decrease in seizure frequency after VNS placement, however interestingly 84% reported improved seizure severity, 48% reported a reduction in hospital visits and there was a statistically significant reduction in the amount of antiepileptic drugs used [2] .
Because single epilepsy centers typically do not have enough patients with DS to systematically assess efficacy of VNS for this severe orphan disease we have performed a meta-analysis of reported cases in the literature to gain greater insight into the extent of VNS efficacy for patients with DS.
Methods

Compliance with ethical standards
This article does not contain any studies with human participants or animals performed by any of the authors.
Study design
The present meta-analysis was modeled after the preferred reporting items for systematic reviews and meta-analyses (PRISMA) and adheres to a structured review protocol [27] .
Selection criteria
We systematically searched the PubMed database for publications reporting the effect of VNS on seizure frequency in patients with "Dravet Syndrome", "Severe Myoclonic Epilepsy of Infancy" or "Severe Myoclonic Epilepsy of Infancy Borderline". Because preliminary PubMed searches revealed very small numbers of eligible publications a broader search approach was employed by searching for the terms "Dravet Syndrome", "Severe Myoclonic Epilepsy of Infancy", "SMEI", "SMEIB" in combination with the terms "Vagus Nerve Stimulation", "Vagal Nerve Stimulation" or "VNS". Only peer-reviewed original research published in English language were included. The primary outcome measure was !50% reduction of seizure frequency or of frequency of the mostdebilitating seizure type at the longest follow-up reported compared to baseline. The secondary outcome measure was seizure reduction per patient at the longest follow-up reported. As the effect of VNS is time dependent, studies had to report the length of follow-up and how outcomes were assessed.
Article selection
Authors M.D.A. and M.A.K. independently conducted PubMed database (http://www.ncbi.nlm.nih.gov/pubmed) searches as well as google searches using the key words listed above. The authors then independently excluded non-relevant articles based on review of the full-text articles before comparing selected articles. Eligibility criteria were then applied to the selected articles to obtain the final selection.
Data extraction
From each article the fraction of patients with DS experiencing a !50% reduction of seizure frequency or of frequency of the mostdebilitating seizure type at the longest follow-up post VNS implantation was extracted. If articles reported adverse events or other effects of VNS therapy in patients with DS this information was extracted and reported in Table 1 . If the relative seizure reduction from baseline was reported for individual DS patients, this data was extracted and reported in Fig. 3 Fig. 3 
Classification of articles
Grading of level of evidence was carried out using the American Academy of Neurology's (AAN) classification scheme [20] . The AAN defines a Class I study as a randomized, controlled clinical trial of the intervention of interest with masked or objective outcome assessment, in a representative population in which relevant baseline characteristics are presented and substantially equivalent among treatment groups or there is appropriate statistical adjustment for differences. Also required are a) concealed allocation b) clearly defined primary outcome(s) c) clearly defined exclusion/inclusion criteria d) adequate accounting for dropouts (with at least 80% of enrolled subjects completing the study) and crossovers with numbers sufficiently low to have minimal potential for bias e) for non-inferiority or equivalence trials claiming to prove efficacy for one or both drugs, the following are also required 1. the standard treatment used in the study is substantially similar to that used in previous studies establishing efficacy of the standard treatment (e.g., for a drug, the mode of administration, dose, and dosage adjustments are similar to those previously shown to be effective) 2. the inclusion and exclusion criteria for patient selection and the outcomes of patients on the standard treatment are substantially equivalent to those of previous studies establishing efficacy of the standard treatment 3. the interpretation of the results of the study is based on an observed-cases analysis.
A Class II study is a randomized, controlled clinical trial of the intervention of interest in a representative population with masked or objective outcome assessment that lacks one criterion a-e Class I, above, or a prospective matched cohort study with masked or objective outcome assessment in a representative population that meets b-e Class I, above. Relevant baseline characteristics must be presented and substantially equivalent among treatment groups or there must be appropriate statistical adjustment for differences.
Class III trials are all other controlled trials (including welldefined natural history controls or patients serving as their own controls) in a representative population, where outcome is independently assessed, or independently derived by objective outcome measurements.
Class IV studies are those not meeting Class I, II, or III criteria including consensus or expert opinion.
Statistical analysis
Descriptive statistics (min., max., mean and median) of the fraction of patients experiencing !50% reduction was computed for all 13 studies. For the seven studies which reported individual reduction rates, descriptive statistics was performed once for all data and once on a per-study basis. The analysis was done using R version 3.3.2 (R Core Team).
Results
Study selection
Both authors (M.D.A and M.A.K.) identified 45 articles in their primary searches using the key-words mentioned in the methods section. Identification of relevant articles in English revealed one selection discrepancy between the two authors: one recently published case report by Hanaya et al. describing efficacy of VNS in a patient with a confirmed SCN1A mutation and genetic epilepsy with febrile seizures plus (GEFS+) [21] . GEFS+ refers to a familial epilepsy syndrome comprising a spectrum of phenotypes from febrile seizures to DS in which SCN1A mutations can be found in 10% of patients [34] . After further scrutiny it was decided to exclude this case report firstly as the authors clearly do not classify the patient as having a DS phenotype; secondly because there is no mention of status epilepticus and thirdly because the patients intelligence quotient was reported to be in normal range. After excluding 29 irrelevant articles application of the selection criteria led to exclusion of two articles that investigated efficacy of VNS in patients with DS (Fig. 1) . One article by Fernandez et al did not report whether patients had a !50% reduction in seizure frequency but instead categorized seizure frequency as (1) daily multiple seizures; (2) less than daily but more than 1 seizure per week; (3) less than 1 seizure per week but more than 1 seizure per month; and (4) less than 1 seizure per month [18] . Another article by Bremer et al. failed to report how seizure frequency was assessed including a complete lack of information of length of follow-up [3] . 13 studies met the inclusion criteria comprising a total of 68 patients with Dravet Syndrome treated with vagus nerve stimulation for which changes in seizure frequency were reported (Table 1 ) [4, 6, 7, 10, 15, 19, 25, 29, 32, 35, 36, 38, 43] . 11 out the 13 studies were single-center retrospective case series; one was a multicenter retrospective analysis and one was a case report. 9 out of 13 studies either analyzed the effect of VNS on seizure frequency in a heterogeneous patient population from which data from the DS patients was used in this analysis or also assessed another antiepileptic therapy in patients with DS from which the data from patients treated with VNS was used in this analysis (Table 1) .
Classification of articles
All studies were found to meet AAN Class III criteria, except the case report (Spatola et al.) which met class IV criteria [20] . Although six of the class III studies only included three or less DS patients treated with VNS, these studies can be classed higher than case reports, as they are less prone to reporting bias due to inclusion of all patients treated at that institution.
VNS efficacy
The reported fractions of patients experiencing !50% reduction varied between 0 and 100%, with a mean of 55.2% and a median of 50%. Due to different size of patient groups, the overall average responder rate was somewhat lower at 52.9%. Despite the low sample sizes of the included studies responder rates were similar in nearly all studies with more than 6 DS patients (75%, 67%, 50%, 38%, 50%, 38%) (Fig. 2) .
Seizure reduction of individual patients was only reported for 28 out of the 68 patients (Fig. 3) . The individual seizure reduction rates, as reported in seven studies, varied between À49% (reported as "slight increase in seizures") and 100% reduction, with a mean of 50.8% and a median of 55%. Study-wise, the mean reduction rates varied between 25% and 90%, with 55.03% on average (median: 45%).
No conclusions on tolerability of VNS in DS patients can be made from this analysis, as in some studies adverse events were not reported for DS sub-populations, were not systematically assessed or were not reported at all. However, hoarseness was the most frequently reported side-effect, which is in line with the majority of VNS trials in heterogeneous drug-resistant epilepsy populations [16, 30] .
Discussion
This meta-analysis finds adjunctive vagus nerve stimulation to elicit a !50% seizure frequency reduction in 55.9% of patients with DS with a median seizure frequency reduction of 55%. In comparison, the only class I study on an antiepileptic treatment in DS, which was a meta-analysis of two randomized-controlled trials carried out for Stiripentol found !50% seizure frequency reduction in 69% (23/33) of patients and an average seizure reduction of 70% [1, 26] . However, comparing efficacy is problematic due to the fact that in the studies included in this metaanalysis many DS patients were receiving treatment with Stiripentol at initiation of VNS and throughout the VNS followup period. Furthermore the two randomized controlled trials of Stiripentol only assessed tonic or tonic-clonic seizures and may therefore be more comparable to the Fulton study (included in this analysis), which only assessed generalized tonic-clonic seizures and found a !50% reduction of this seizure type in 75% (9/12) of DS patients after !6 months of VNS therapy [19] . Considering the high SUDEP risk in patients with DS, assessing GTCS frequency may represent a clinically relevant strategy to quantify treatment effects, as GTCS frequency is the main risk factor for SUDEP [22] . Similarly the Orosz study that found a !50% seizure frequency reduction in 38% (5/13) of DS patients after VNS only assessed the "predominant seizure type" (defined as the most disabling seizure type determined by the physician but not necessarily the most frequent seizure type), but does not report which seizure type this was for each of the DS patients [29] . Generally however measuring reduction of the seizure type that impairs the patient most in daily life and functioning appears especially adequate in syndromic epilepsies such as DS or Lennox-Gastaut in which patients typically suffer from multiple seizure types of varying severity and frequency and rarely achieve complete seizure freedom. Adjusting treatment goals to attenuation, reduction or elimination of the most disabling seizure type while minimizing side-effects may represent achievable and individualized treatment goals that are meaningful to DS patients and their care-givers.
In this analysis 7 out 13 studies reported benefits of VNS beyond seizure frequency reduction such as cessation of status epilepticus, higher alertness or improved functioning and one may assume that these factors also strongly contribute to overall patient outcome. However this stands in contrast to the North American Consensus Fig. 3 . Seizure reduction of individual DS patients at latest follow-up reported. Seizure reduction of individual patients was only reported for 28 out of the 68 patients. Mean seizure reduction was 50.8% and the median 55%. A small dot indicates one patient with this specific value of seizure reduction. Medium-sized dots indicate two patients and large dots indicate three patients within the same publication with this specific value of seizure reduction.
Panel, which reached moderate consensus that VNS does not significantly benefit development or behavior in most DS patients. Improvement in quality-of-life metrics (e.g. QOLIE-89; CGI-I) and working memory associated with VNS have been demonstrated in heterogeneous drug-resistant epilepsy populations [17, 33, 39] , however this has never been investigated in patients with DS.
Nevertheless one must interpret this analysis with caution as it is limited by the inherent property of meta-analyses of ignoring potentially important differences across studies as well as by the low sample sizes and low evidence class of studies included. This is however a general challenge for assessing treatments for rarediseases and requires creative and innovative solutions.
Conclusion
This meta-analysis of 68 patients with Dravet Syndrome, finds adjunctive vagus nerve stimulation to be effective in reducing seizure frequency. Based on this preliminary analysis, controlled trials of VNS in this rare condition using patient-centric outcome measures are indicated.
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